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Climatic oscillations inﬂuence the distribution of species in time. Thermophilic species survived the ice ages in
refugia around the Mediterranean. Northern Africa is one of the possibly important refugia. In this study we test the
genetic differentiation between northern African and European populations, using the marbled white butterﬂy species
complex, Melanargia galathea/M. lachesis, as a model. We studied 18 allozyme loci in 876 individuals from 23
populations representing a major part of Europe (northern Spain to Romania) and the western part of northern Africa
(Atlas Mountains). The African populations resemble the European ones in allelic richness; their genetic diversity is
higher than in Europe. Cluster analysis discriminated ﬁve European genetic groups: M. lachesis, a western European
lineage, and three eastern European lineages. However, the African samples did not form a separate cluster within this
phenogram, but clustered randomly within the Balkan/southeastern European groups. The genetic differentiation
among the African populations (FST 8.8%) was higher than that within any of the European lineages (FST 2.6–5.5%).
The high genetic diversity and the relatively strong differentiation of the four African populations sampled in a
comparatively limited area of the Atlas Mountains indicate that the most probable origin of M. galathea is northern
Africa, with its sibling species,M. lachesis, evolving in parallel in Iberia. Most probably,M. galathea colonised Europe
ﬁrst during the Eem interglacial, some 130 ky ago. SinceM. lachesis must have existed on the Iberian peninsula during
that period already,M. galathea should have reached Europe via Italy. The genetic differentiation to distinct groups in
Europe most probably evolved during the following Wu¨rm glacial period.
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The strong climatic oscillations in the Pleistocene
(Williams et al. 1998) repeatedly forced many species
into major latitudinal and/or altitudinal range shifts
(Reinig 1938; de Lattin 1967; Hewitt 1996). Manyik. Published by Elsevier GmbH. All rights reserved.
ARTICLE IN PRESS
J.C. Habel et al. / Organisms, Diversity & Evolution 8 (2008) 121–129122temperate European species survived the glacial periods
in Mediterranean refugia (Comes and Kadereit 1998;
Taberlet et al. 1998; Hewitt 1999, 2000, 2004; Schmitt
2007). Here, populations often remained in isolation for
many tens of thousands of years, coming into contact
only during range expansions during the warmer
interglacial stages. During the periods of allopatric
distribution, species differentiated into distinct genetic
lineages, and repeated allopatric disjunctions enforced
genetic differentiations resulting in speciation.
Besides the three commonly studied refugia of the
three major southern European peninsulas (the Balkans,
Italy, and the Iberian Peninsula) (Huntley and Birks
1983; Bennett et al. 1991, Hewitt 1996, 1999; Comes and
Kadereit 1998; Taberlet et al. 1998), several other
Mediterranean refugial and differentiation sub-centres
were postulated in the past (e.g. Reinig 1950; de Lattin
1967). For example, de Lattin (1967) already described
nine secondary arboreal centres around the Mediterra-
nean Sea, two of them located in northwestern Africa:
the southern half of the Altlantic–Mediterranean centre
(Atlantic and Mediterranean coasts of Morocco, Algeria
and Tunisia), and the Mauretanic one (southern slopes
of the Atlas massif).
While the European part of the Mediterranean region
is relatively well understood biogeographically, espe-
cially due to recent phylogeographical studies, northern
Africa is less studied (Hewitt 2004; Schmitt 2007). There
are some recent phylogeographic analyses including
northern African populations, but evidence for the
importance of northern Africa and the Afro-European
interactions remains relatively scarce (Schmitt 2007).
The published data sets that include northern Africa
data point out the existence of ﬁve general but mutually
non-exclusive phylogeographic patterns: (i) one endemic
lineage in northern Africa distinct from the European
lineages (Boursot et al. 1985; Steinfartz et al. 2000;
Franck et al. 2001; Griswold and Baker 2002; Lumaret
et al. 2002; Gantenbein and Largiade`r 2003; O¨deen and
Bjo¨rklund 2003); (ii) endemic lineages in northern Africa
north and south of the Atlas Mountains supporting the
biogeographical structure suggested by de Lattin (1967)
(Fritz et al. 2006); (iii) a genetic split along the Maghreb
coast dividing a western and an eastern area (Cosson
et al. 2005); (iv) a genetic continuum from the Maghreb
to Iberia supporting the idea of a non-disjunct
Atlantic–Mediterranean differentiation centre in this
region (Schmitt et al. 2005; Carranza et al. 2006); and
(v) a genetic link between the eastern Maghreb and Italy
(Cosson et al. 2005). However, many of the species
studied (e.g. amphibians) cannot easily transgress ocean
barriers such as the Strait of Gibraltar or the sea
between Tunisia and Sicily. Furthermore, all across
Europe the phylogeographical knowledge is limited to
geographically limited areas, or the corresponding taxa
occur in the Mediterranean region only, precludingcomprehensive understanding of the importance of
northern Africa in a western Palaearctic view.
The aim of the present study is to investigate genetic
structure in the marbled white butterﬂy species complex,
Melanargia galathea and M. lachesis. For these sibling
species we have demonstrated three separate European
ice age refugia in Iberia, Italy, and the Balkans (Habel
et al. 2005), of which the latter itself is a patchwork of
three distinct subregions: (1) the Bulgarian Black Sea
coast, (2) the Greek Aegean coast, and (3) the coastline
of the western Balkans (Schmitt et al. 2006). In the
present study we analyse the importance of northern
Africa as a differentiation centre and its relevance for
the colonisation of Europe.Material and methods
Species studied
Melanargia galathea (Linnaeus, 1758) is widely
distributed in southern and central Europe. Its northern
distribution reaches the English Midlands (Asher et al.
2001), Belgium (Bink 1992), northern Germany (Kolligs
2003), and the Baltic Sea in Poland (Buszko 1997). On
the Iberian Peninsula, M. galathea is replaced by its
sibling species, Melanargia lachesis (Hu¨bner, 1790).
However, M. galathea is found in restricted areas on
the northern slopes of the Cantabrian and Basque
mountains (Ferna´ndez-Rubio 1991), and M. lachesis
occurs in limited areas of the French Roussillion north
of the Pyrenees (Delmas and Maechler 1999). The two
species are distributed nearly allopatrically, but do occur
syntopically in some limited areas (observations by the
present second author). In northern Africa, the dis-
tribution area ofM. galathea reaches from the Antiatlas
in Morocco to Tunisia (Tarrier 1995, 1998, 2000;
Tenend 1996; Tolman and Lewington 1997; Nardelli
et al. 1998).
Electrophoresis
We analysed a total of 876 individuals of M. galathea
from 22 populations sampled in Austria, Bulgaria,
France, Germany, Hungary, Montenegro, Romania,
Slovenia, and Morocco, as well as 40 individuals from
one population of M. lachesis from Spain (Fig. 1). The
data sets for Europe were taken from Habel et al. (2005)
and Schmitt et al. (2006). Butterﬂies were sampled at
meadows from the end of May to the beginning of
August in the years 2003–2005. The individuals were
netted in the ﬁeld, frozen alive in liquid nitrogen or in a
freezer, and stored under these conditions until analysis.
Half of the abdomen of each individual was homo-






























Fig. 1. Distribution of Melanargia galathea and M. lachesis in Europe and the Maghreb (redrawn from Tolman and Lewington
1997; Kudrna 2002), and sampling sites in the present study. Dark grey ¼ distribution of M. galathea and M. lachesis, respectively;
black area ¼ both species. Sampling sites: 1 ¼Morocco-Oukaimeden, 2 ¼Morocco-Naour, 3 ¼Morocco-Bekrit, 4 ¼Morocco-
Timahdite, 5 ¼ Bulgaria-Trigrad, 6 ¼ Bulgaria-Karandila, 7 ¼ Bulgaria-Milanovo, 8 ¼ Romania-Pasul Predelus, 9 ¼ Romania-
Voslobeni, 10 ¼ Romania-Hoteni, 11 ¼ Romania-Cluj, 12 ¼ Romania-Porta di Fier Transilvanici, 13 ¼ Romania-Inelet.
14 ¼Montenegro-Durmitor, 15 ¼ Hungary-Csakvar. 16 ¼ Austria-Leithagebirge, 17 ¼ Slovenia-Postojna, 18 ¼ Germany-Alter
Stollberg, 19 ¼ Germany-Gruibingen, 20 ¼ Germany-Lissendorf, 21 ¼ France-Lorry, 22 ¼ France-Col de Tende, 23 ¼ Spain-Col
de Perbes (M. lachesis).
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used cellulose acetate plates, applying standard proto-
cols (Richardson et al. 1986; Hebert and Beaton 1993).
We analysed a total of 18 allozyme loci (for their
electrophoretic conditions, see Habel et al. 2005).Statistics
Alleles were labelled according to their relative
mobility, starting with ‘‘1’’ for the slowest allele. Nei’s
(1978) standard genetic distances and parameters of
genetic diversity (mean number of alleles per locus, A;
expected heterozygosity, He; total percentage of
polymorphic loci, Ptot; and percentage of polymorophic
loci with the most common allele not exceeding 95%,
P95) were computed with G-Stat (Siegismund 1993).
AMOVAs, hierarchical genetic variance analysis, tests
on Hardy–Weinberg equilibrium, and linkage disequili-
brium were calculated with Arlequin 2.000 (Schneider
et al. 2000). Phenograms using neighbour-joining
(Saitou and Nei 1987) were constructed with PHYLIP
Version 3.5.c (Felsenstein 1993). Bootstraps based on
1000 iterations were calculated with the same software.Results
All enzyme loci had banding patterns consistent with
known Quaternary structures. Most loci were inherited
autosomally, but 6Pgdh and Me were located on the Z
chromosome, so that hemizygous females only had a
single copy (cf. Habel et al. 2005; Schmitt et al. 2006).
Therefore, we only found one allele in all females
analysed for these loci, whereas at least some hetero-
zygous males were observed. No general linkage
disequilibrium was observed for any locus. Therefore,
further analyses were performed using standard algo-
rithms in population genetics. Eleven of the analysed
loci were polymorphic, but seven loci (Idh1, Mdh1,
Mdh2, G6pdh, Gpdh, Fum, and Gapdh) were mono-
morphic throughout. We detected eight alleles endemic
to Africa, scattered over six polymorphic loci (Me, Aat1,
Aat2, Idh2, Hbdh, and Acon), but none of the alleles
was restricted to Europe.
Several parameters of genetic diversity were signiﬁ-
cantly higher in the African populations than in the
European ones: The mean number of alleles in Africa is
2.40 (70.10 s.d.) vs. 2.05 (70.14 s.d.) in Europe (U-test:
p ¼ 0.01); the expected heterozygosity (He) in Africa
represents 19.0% (72.3 s.d.) vs. 17.8% (71.7 s.d.) in
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polymorphic loci (Ptot) is 57.3% (75.7 s.d.) in Africa
vs. 40.5% (72.8 s.d.) in Europe (U-test: p ¼ 0.007).
Only the percentage of polymorphic loci with the
most common allele not exceeding 95% (P95) did not
differ signiﬁcantly (Africa 35.3%70.0 s.d., Europe
35.9%72.8 s.d.; U-test: p ¼ 0.390) (Table 1).
A neighbour-joining phenogram based on genetic
distances (Nei 1978) showed no separate African cluster,
but the four Moroccan samples clustered randomly
within the range of samples from southeastern Europe.Table 1. Four parameters of genetic diversity for 22 populations a
northern Africa: mean number of alleles per locus (A), percentage of
common allele not exceeding 95% (P95), and total percentage of po
Population Lineage A He (%) P9
M-OU-1 a 2.35 21.4 35.
M-NA-2 a 2.29 16.3 35.
M-BE-3 a 2.53 18.0 35.
M-TI-4 a 2.41 20.2 35.
Mean Africa a 2.40 18.9 35.
(7s.d.) (70.10) (72.3) (7
F-CO-22 w 2.12 17.5 35.
F-LO-21 w 2.06 17.8 35.
D-RL-20 w 2.06 17.2 35.
D-BW-19 w 1.94 18.6 41.
D-SA-18 w 2.29 18.1 41.
Mean w 2.09 17.8 37.
(7s.d.) (70.13) (70.5) (7
A-LE-16 ef 1.88 14.6 35.
H-CS-15 ef 2.29 17.4 35.
SLO-17 ef 2.06 15.3 35.
SCG-DU-14 ef 1.88 14.5 35.
Mean ef 2.03 15.5 35.
(7s.d.) (70.20) (71.3) (7
R-HO-10 ecb 1.88 14.6 35.
R-CL-11 ecb 2.12 18.6 35.
R-PO-12 ecb 2.06 19.1 41.
Mean ecb 2.02 17.4 37.
(7s.d.) (70.12) (72.5) (7
R-IN-13 am 1.82 19.9 35.
R-VO-9 am 1.88 19.0 35.
B-MI-7 am 2.06 18.8 35.
R-PA-8 am 2.29 21.0 35.
B-KA-6 am 2.06 18.8 35.
B-TR-5 am 2.06 17.3 35.
Mean am 2.03 18.8 35.
(7s.d.) (70.14) (71.2) (7
Mean Europe 2.05 17.8 35.
(7s.d.) (70.14) (71.7) (7
E-CO-23 lachesis 2.24 22.1 41.
Abbreviations of lineages: a ¼ Africa, am ¼ Adriatic-Mediterranean lineag
ef ¼ eastern ﬂank of Pontic-Mediterranean lineage, w ¼ western ﬂank of P
numbers corresponding to the entries in the far left column, see Fig. 1.The sample of M. lachesis was strongly differentiated
from all M. galathea populations, well supporting the
recognition of a separate taxon (Fig. 2).
The total genetic variance of all M. galathea and
M. lachesis populations was 1.757, of which 1.428
(81.3%) was within individuals and 0.329 (18.7%)
among individuals, the latter including a variance of
0.126 (38.3%; FIS 8.11%) within populations and 0.203
(61.7%; FST 11.55%) among populations (Table 2).
Hierarchical variance analysis located 82.5% of the
variance among populations between the two siblingsnalysed of Melanargia galathea and M. lachesis in Europe and
expected heterozygosity (He), percentage of loci with the most
lymorphic loci (Ptot)
5 (%) Ptot (%) No. of
individuals
Sampling date
3 52.9 36 23-V-2005
3 52.9 36 26-V-2005
3 58.8 36 29-V-2005
3 64.7 36 29-V-2005
3 57.3
0.0) (75.7)
3 41.2 40 29-VII-2003
3 41.2 40 17-VI-2003
3 41.2 40 18-VII-2003
2 41.2 40 12-VII-2003
2 41.2 40 25-VII-2003
6 41.2
3.2) (70.0)
3 47.1 40 31-VII-2003
3 41.2 40 13-VII-2004
3 35.3 40 04-VII-2003
3 35.3 12 10-VII-2003
3 39.7
0.0) (75.7)
3 47.1 40 25-VII-2004
3 41.2 40 23-VII-2004
2 41.2 40 15-VII-2004
2 43.2
3.4) (73.4)
3 41.2 40 9-VIII-2004
3 41.2 40 29-VII-2004
3 41.2 40 10-VIII-2004
3 41.2 40 31-VII-2004
3 41.2 40 3-VIII-2004





2 41.2 40 19-VII-2003
e, ecb ¼ eastern Carpathian Basin of Pontic-Mediterranean lineage,
ontic-Mediterranean lineage. For countries, localities and population
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Table 2. Non-hierarchical variance analysis of several Mela-
nargia galathea and M. lachesis groupings in Europe and
northern Africa
Groupings FST (%) FIS (%) Within
individuals
Northern Africa 8.83** 5.77*
(0.156) (0.093) (1.519)
Western lineage 2.67** 18.42**
(0.041) (0.276) (1.224)
Eastern lineage 6.36** 3.12**
Fig. 2. Neighbour-joining dendrogram based on the genetic distances (Nei 1978) among 22 populations of Melanargia galathea
from Europe and northern Africa and one population of M. lachesis. Bootstrap values above 40% are shown. Abbreviations:
A ¼ Austria, BG ¼ Bulgaria, D ¼ Germany, F ¼ France, H ¼ Hungary, M ¼Morocco, RO ¼ Romania, SCG ¼ Serbia and
Montenegro, SLO ¼ Slovenia. For sampling site numbers see Fig. 1.
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genetic differentiation among the African populations
(FST 8.8%) was high compared to the respective
differentiations within the European lineages (FST
2.6–5.5%). The genetic differentiation between African
and European M. galathea samples is relatively weak
(FCT 3.88%, variance among groups 0.067) and only
represents 35.3% of the total variance component
among the analysed M. galathea populations. This
result is further supported by a hierarchical variance
analysis distinguishing ﬁve groups (one African and four
European) (FCT 5.13%, FSC 4.46%) (Table 3).(0.105) (0.048) (1.492)
Eastern lineage: 5.48** 7.89**
eastern ﬂank (0.080) (0.108) (1.267)
Eastern lineage: 2.08** 0
Carpathian Basin (0.033) (–0.058) (1.602)
Eastern lineage: 3.80** 4.82*
western ﬂank (0.064) (0.078) (1.539)
Europe 7.07** 7.93**
(0.116) (0.121) (1.405)
All M. galathea 8.54** 7.50**
(0.144) (0.116) (1.426)
All M. galathea 11.55** 8.11**
and M. lachesis (0.203) (0.126) (1.428)
Upper value within each entry ¼ F value; bottom value (in parentheses) ¼
corresponding variance component. *pp0.05; **pp0.001.Discussion
Survival and differentiation in the Maghreb and
Iberia
The genetic texture of the African M. galathea
samples is strongly divergent from the European
populations. Thus, (i) the genetic diversity is highest in
the African populations, (ii) endemic African alleles
exist beside the complete representation of all European
alleles, and (iii) the genetic differentiation among the
African populations sampled in a relatively small area
(the Atlas Mountains) is higher than that across Europe.
These results, combined with the absence of a separate
ARTICLE IN PRESS
Table 3. Hierarchical variance analysis of Melanargia galathea and M. lachesis
Groupings FCT (%) FSC (%) FIS (%) Within individuals
M. lachesis/M. galathea 28.49 8.46 8.11
(0.676) (0.143) (0.126) (1.428)
Five M. galathea groups 5.13 4.46 7.50
(0.087) (0.071) (0.116) (1.426)
Africa/Europe 3.88 7.38 7.50
(0.067) (0.123) (0.116) (1.426)
Upper value within each entry ¼ F-value; bottom value (in parentheses) ¼ corresponding variance component. All pp0.001.
J.C. Habel et al. / Organisms, Diversity & Evolution 8 (2008) 121–129126African branch in the phenogram, lead to the conclusion
that M. galathea has had a long, continuous presence in
northern Africa. Our data support the idea that the
existence of M. galathea in northern Africa exceeds the
continuous presence of the species in Europe, hence
pre-dating the supposed onset of the genetic differentia-
tion in Europe during the Wu¨rm ice age (Habel et al.
2005; Schmitt et al. 2006). If so, the speciation into
the two sibling species, M. galathea and M. lachesis,
must have started in the Atlantic–Mediterranean differ-
entiation centre during one of the ice ages before the
Wu¨rm. During this phase of the beginning differentia-
tion, signiﬁcant gene ﬂow between the African and
the Iberian populations appears unlikely, so that
M. galathea could have evolved in northern Africa and
M. lachesis in Iberia. Therefore, the idea of an endemic
sibling in the Maghreb, M. lucasi (Rambur, 1858), as
postulated e.g. by Bozano et al. (2002), must be rejected.
The existence of other endemic Melanargia species in
the Mediterranean region – e.g.M. ines (Hoffmannsegg,
1804) and M. occitanica (Esper, 1793) in Iberia, M. arge
(Sulzer, 1776) in Italy, and M. larissa (Geyer, 1828) in
the Balkans and Near East – indicates that, before the
M. galathea/M. lachesis split occurred, allopatric
speciation in this genus most probably took place in
all large Mediterranean differentiation centres. This is
supported by mtDNA analysis (Martin et al. 2000).
During this differentiation process, the ancestor of
M. galathea/M. lachesis might have represented the
Atlantic–Mediterranean element.
For many other terrestrial species, the sea also
represents an important dispersal barrier. Even the
Strait of Gibraltar, shrinking to water straits of about
5 km between emerging islands during glacial periods
(Cosson et al. 2005), had isolated populations of the
same species on either side. This is especially true for
organisms unable to ﬂy or survive in salt water, such as
amphibians (Arntzen and Garcı´a-Parı´s 1995; Plo¨tner
1998; Garcı´a-Parı´s and Jockusch 1999; Steinfartz et al.
2000; Garcı´a-Parı´s et al. 2003; Carranza and Arnold
2004; Carranza and Wade 2004; Fromhage et al. 2004;
Martı´nez-Solano 2004; Martı´nez-Solano et al. 2004,
Veith et al. 2004) or shrews (Cosson et al. 2005) – the
latter reaching Europe only recently, possibly due toaccidental human transport – but also for scorpions
(Gantenbein and Largiade`r 2003). All these examples,
except for the shrews, express this geographic isolation
through strongly differentiated African and European
genetic lineages.
Flying species like some butterﬂies (Schmitt et al.
2005) and bark beetles (Horn et al. 2006), salt water
tolerating animals like reptiles (Lenk et al. 1999; A´lvarez
et al. 2000; Paulo et al. 2002; Carranza et al. 2004, 2006;
Fritz et al. 2006), but also the frog Hyla meridionalis
(Busack 1986), are not hindered in their dispersal by the
Strait of Gibraltar and thus show mostly similar genetic
lineages on both sides.
However, even some species with the ability to ﬂy show
lineages strongly differentiated between northern Africa
and Iberia, e.g. the butterﬂy Pararge aegeria (Weingartner
et al. 2006) and two bat species (Castella et al. 2000).
This pattern is also reﬂected in the differentiation of
M. galathea andM. lachesis on both sides of this sea strait.
The great importance of northern Africa for evolution
and speciation is reﬂected in a large number of species
and endemics (e.g. Naumann et al. 1999; Tolman and
Lewington 1997). If species are distributed on both sides
of the Strait of Gibraltar, the origin is more often in the
southern and thus warmer Maghreb (Busack 1986; Lenk
et al. 1999; A´lvarez et al. 2000; Harris et al. 2002; Paulo
et al. 2002; Batista et al. 2004; Carranza and Arnold
2004; Carranza et al. 2004, 2006; Harris et al. 2004a, b;
Busack et al. 2005; Cosson et al. 2005; Fritz et al. 2006)
than in Iberia (Carranza et al. 2006). This is often
mirrored by genetic diversity in northern Africa being
signiﬁcantly higher than in Europe, e.g. in the honey bee
(Franck et al. 2001), the Algerian mouse (Boursot et al.
1985), shrews (Cosson et al. 2005), and the bird
Motacilla alba (O¨deen & Alstro¨m unpublished, in Vila
2004). This also applies to our data on M. galathea.The way to Europe
But how did M. galathea eventually reach Europe?
Dispersal via the Strait of Gibraltar was blocked,
because the Iberian peninsula as an important stepping
stone for the colonisation of Europe was already
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ecologically mostly excludes M. galathea and thus
impedes its dispersal via Iberia. Of the two remaining
possible pathways, the one via Egypt and the Near East
can be largely ruled out due to the recent distribution
(Tolman and Lewington 1997) and habitat requirements
(Tenend 1996) of M. galathea. Therefore, the only
possibility to reach Europe was to cross the Mediterra-
nean Sea between Tunisia and Sicily. As this distance
was considerably reduced due to lowered sea levels
during cold periods (Bellani 1997; Allegrucci et al. 1999),
and corresponding gene ﬂow has been demonstrated in
various cases such as honey bees (Franck et al. 2001),
chafﬁnch populations (Griswold and Baker 2002) and
recently shrews (Cosson et al. 2005), this possibility
seems to be the most likely one for our butterﬂy species.
Judging from the relatively weak genetic differentiation
between the four European M. galathea lineages, which
most probably evolved during Wu¨rm glacial isolation
(Schmitt et al. 2006), the species appears to have arrived
in Europe relatively recently. In our opinion, the most
likely period for this colonisation was the transition from
the Riss glacial to the Eem interglacial period, when
temperature had risen but the sea level still remained low.
The species could have expanded over large parts of
Europe during the Eem interglacial, and afterwards
become restricted to Italy and the Balkans with the
beginning Wu¨rm glaciation, resulting in the differentia-
tion into at least four genetic groups (Schmitt et al. 2006).
These results suggest that many typical ‘European’
species might be of African origin.Acknowledgements
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